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Abstract
Nowadays, antibiotic-polluted soils have raised concerns regarding the health of soil ecosystems. It has been suggested that 
biochar can be used as an amendment to improve soil health conditions in polluted sites. The present research aimed to inves-
tigate the influence of walnut shell biochar and methanol-activated walnut shell biochar on tetracycline concentration in the 
presence of copper and the assessment of soil biological parameters (microbial biomass, urease and dehydrogenase enzymes). 
Therefore, a factorial experiment was conducted as a completely randomized design. The factors included two biochar levels 
without or with copper (0% biochar (control soil), soil amended with 5% walnut shell biochar and soil amended with 5% 
methanol-activated walnut shell biochar) and two tetracycline levels (0 and 400 mg/kg soil), which were measured at 10-, 
30- and 50-day intervals. The results revealed that biochar and methanol-activated biochar efficiently decreased tetracycline 
concentration up to 46.5% and 80.4%, respectively. The application of biochar decreased tetracycline concentration through 
the formation of a stable complex with tetracycline and the reduction of its extractability as well as biodegradation. The 
decrease in tetracycline extractability was also facilitated by the presence of copper. Neither biochar had significant effects 
(P > 0.05) on microbial biomass. They also reduced enzymatic activities, probably due to a high application rate. However, 
they weakened the negative effects of tetracycline on microbial activities. It was concluded that the application of biochar 
in tetracycline-polluted soils could help expedite the decrease of residual tetracycline concentration, which, in turn, could 
improve soil biological parameters and soil health.
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activity

Abbreviations
BC  Biochar
WBC  Walnut shell biochar
WBCM  Methanol-activated walnut shell biochar
TC  Tetracycline
Cu  Copper
Cu-EDTA  Copper concentration
CEC  Cation-exchange capacity
EC  Electrical conductivity
dw  Dry weight
OM  Organic matter
AP  Available phosphorus

AK  Available potassium
TN  Total nitrogen
O  Oxygen content
N  Nitrogen content
C  Carbon content
H  Hydrogen content
K  Unamended soil

Introduction

Nowadays, pharmaceutical antibiotics have been iden-
tified as effective agents for the prevention and treat-
ment of infectious diseases (Jang et al. 2018). Among 
them, tetracycline (TC) ranks second in terms of pro-
duction and consumption worldwide due to its low cost 
(Jang et al. 2018), extensive activity against infections 
(Daghrir and Drogui 2013), and treatment of animal 
diseases (Gu and Karthikeyan 2005; Zhang et al. 2011). 
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As a broad-spectrum antibiotic, the excessive use of TC 
has increased the possibility of its occurrence in various 
environments (Luo et al. 2011; Ngigi et al. 2020a, b). 
Organic fertilizers (Chessa et al. 2015) and wastewater 
irrigation (Pan and Chu 2017) are considered two com-
mon sources that increase the concentration of TC in soil. 
It has been reported that TC can affect the sustainability 
of soil ecosystems by inhibiting bacterial activities, dis-
rupting microbial metabolisms (Liu et al. 2020), reducing 
enzymatic activities (Thiele-Bruhn and Beck 2005), and 
developing antibiotic resistance genes (Duan et al. 2017). 
The development of antibiotic resistance genes in soil, 
especially agricultural soils, not only has a negative impact 
on the soil microbial community, but is also considered a 
potential risk to human health (Liu et al. 2020). Therefore, 
understanding TC behavior in soil is of particular impor-
tance to provide effective measures to reduce the negative 
impact of this bioactive pollutant on the soil community.

Based on the findings of previous studies, biochar (BC) 
is a carbonous product of the pyrolysis process (Li et al. 
2019) which can be used as an amendment in sustain-
able soil management. BC can improve soil quality and 
soil health because it can provide nutrients, increase soil 
fertility (Choudhary et al. 2021), improve water holding 
capacity (Verheijen et al. 2019), increase cation-exchange 
capacity (CEC) and soil pH (Hailegnaw et al. 2019). It has 
been proved that these BC effects depend on the physical 
and chemical properties of BC, which are mostly affected 
by the raw material and pyrolysis temperature (Mitchell 
et al. 2015; Beheshti et al. 2018). It has also been reported 
that BC has unique properties such as specific surface 
area, surface charge, porosity, surface functional groups 
and aromatic structures (Ahmad et al. 2014). These prop-
erties can affect the environmental behavior of various 
organic pollutants such as polycyclic aromatic hydrocar-
bons (PAHs) (Li et al. 2019), herbicides (Li et al. 2018), 
antibiotics (Chen et al. 2018a, b) and heavy metals (Meier 
et al. 2017; Moore et al. 2018) in a variety of environ-
ments. Therefore, it seems that the application of BC 
as a cost-effective and eco-friendly technique can affect 
the chemical and biological behavior of TC in soil and 
help to improve soil health. To date, only a few number 
of studies have been examined the effects of BC on the 
environmental behavior of TC in soil and the reduction 
of its negative effects on soil microbial community (Yue 
et al 2019; Liu et al. 2020). More studies are required to 
better understand the fate and behavior of TC in amended 
soil with BC. Moreover, BC activation or modification is 
a common technique to ensure the effect of BC on TC at 
high concentrations (Jing et al. 2014). The activating agent 
is usually acidic (Chen et al. 2018a, b) and alkaline (Luo 
et al. 2018) solutions with different concentrations. Based 
on the literature, this technique is mostly used to remove 

tetracycline from the solution medium. The effects of the 
application of activated BC in TC-contaminated soil are 
still unknown.

On the other hand, heavy metals exist with different con-
centrations due to human activities and lithogenic sources in 
soil (Pan et al. 2016; Wang et al. 2008). Among heavy met-
als, the use of copper (Cu) as a growth parameter in animal 
feed has led to increasing in Cu concentration in livestock 
manure (Wang et al. 2020). The application of manure in soil 
has increased the possibility of the simultaneous presence 
of TC and Cu in the environment (Wang et al. 2008). Previ-
ous studies have shown the effect of heavy metals on the 
change of TC chemical behavior in solution medium (Zhao 
et al. 2013; Kong et al. 2014). In the soil solution phase, 
different compounds affect each other's behavior. Therefore, 
considering the presence of Cu in soil environment on the 
behavioral changes of TC can help to better understand the 
fate of TC in soil. Finally, microorganisms play a central 
role in many ecosystem processes such as decomposition 
and nutrient cycling (Bloem and Breure 2003). Some soil 
microorganisms show a higher sensitivity to environmental 
disturbances (Anderson 2003). Antibiotics are also designed 
to affect microorganisms. Hence, the ecotoxicological effects 
of antibiotics can affect the natural soil microbial community 
even at low concentration rates (Liu et al. 2009). Previous 
studies have also demonstrated that high concentrations of 
antibiotics can alter the original functions of microorgan-
isms such as enzymatic activities (Martinez 2008). Soil 
enzymes play a fundamental role because they participate 
in ecosystem process such as biochemical transformations, 
biodegradation, and biogeochemical cycles of nutrients 
(Oleszczuk et al. 2014). Soil enzymes are also very sensitive 
indicators so any environmental changes affect their perfor-
mance. Therefore, their proper function can be considered 
as an indicator of soil health (Bera et al. 2016). The negative 
effects of TC on urease, dehydrogenase, and phosphatase 
activities have mostly been demonstrated in different studies 
(Liu et al. 2015; Molaei et al. 2017). The activity of these 
enzymes is often used for monitoring impacts of pollutants 
on soil health (Oleszczuk et al. 2014).

Objectives of this study were (1) to study the effect 
of walnut shell BC (WBC) and methanol-activated WBC 
(WBCM) on the extractability of residual TC concentra-
tion, (2) to investigate the effect of the presence of Cu 
on the extractability of residual TC concentration and 
(3) to study the simultaneous Cu and BC presence on the 
biological effects of TC (microbial biomass, urease and 
dehydrogenase activity) in soil during a 50-day incubation 
experiment. The present study was carried out during the 
period of December 2018 and June 2019. All experiments 
were performed at the Soil Science Lab, located on cam-
pus of Ferdowsi University of Mashhad, Iran.
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Materials and methods

Chemicals

Tetracycline hydrochloride  (C22H25ClN2O8) with high purity 
was purchased from Sigma-Aldrich Company. The acetoni-
trile, methanol, formic acid (HPLC grade) and all the other 
chemicals used in this study were obtained from Merck 
Chemical Company. Deionized water and distilled water 
were used during all the experimental procedures.

Preparation of walnut shell biochar 
and methanol‑activated walnut shell biochar

Walnut shells were collected and washed using distilled 
water, and they were dried in an oven at 90 °C for 12 h. 
They were then powdered and were sieved with a 0.5-mm 
steel sieve. The prepared feedstock was pyrolyzed at a 
600 °C temperature for 2 h under the oxygen-limited condi-
tion (Mitchell et al. 2015). For activation, WBC and metha-
nol were mixed at a rate of 1:10 (V/W) and were shaken at 
180 rpm for 24 h. Samples were then dried at 90 °C for 6 h in 
an oven (Jing et al. 2014). WBC and WBCM properties are 
illustrated in Table 1. Elemental composition was measured 
with an Elemental Analyzer (Thermo Finnigan FLASH EA 
1112 Series). The O content was calculated by mass differ-
ence. The WBC yield was determined by weighing feedstock 
before and after pyrolysis. Ash parameter was measured 
by the remaining mass after heating at 750 °C for 4 h in a 
furnace. The electrical conductivity (EC) and the pH were 
measured in the solid–liquid ratio of 1:20 (Li et al. 2016a, 
b). The functional groups of WBC were determined by FTIR 
spectrometer (Thermo Nicolet AVATAR 370 FT-IR) in the 
range of 4000–400  cm−1 before and after activation (Fig. 1).

Sampling and soil analysis

A soil composite sample was collected by an auger from the 
top layer (0–30 cm) of an agricultural field, located in Mash-
had in Khorasan Razavi Province, northeastern Iran. The 
soil sample was then transferred to the laboratory, air-dried 
and stored dry in plastic bags. Physical and chemical soil 
characteristics are exhibited in Table 2. Both the soil pH and 

the EC were determined using the saturated paste extraction 
method (Richards 1954). The soil texture was measured by 
the hydrometer method (Gee and Bauder 1986). The organic 
matter carbon (OM) was determined by Walkley and Black’s 
method (1934). The total nitrogen (TN) was determined by 
Kjeldals’ method (Bremner and Mulvaney 1982). Moreover, 
available phosphorus (AP) and available potassium (AK) 
were extracted by the sodium bicarbonate (Olsen 1954) (ana-
lyzed by the colorimetric method) and ammonium acetate 
(Chapman 1965) (analyzed by the flame photometer detec-
tion). The cation exchange capacity (CEC) was measured by 
the ammonium acetate extraction (Chapman 1965). The Cu 
was extracted by diethylenetriaminepentaacetic acid-trieth-
anolamine (DTPA-TEA) and analyzed by the atomic absorp-
tion spectroscopy (PG-990) (Lindsay and Norvell 1978).

Experimental design

The laboratory experiments were performed at the Soil Sci-
ence Lab at Ferdowsi University of Mashhad, Iran. In order 
to prepare different treatments, the Cu-spiked soil was pre-
pared by spiking Cu solution  (CuSO4.5H2O) (Aponte et al. 
2020). Briefly, 14 kg of dried soil was weighed, spiked 
with Cu solution and mixed thoroughly. The equivalent Cu 
amount was 25 mg  kg−1 in the dry soil. The Cu-spiked and 
non-spiked samples were daily hydrated with deionized 
water to be maintained at 70% of the water-holding capac-
ity. Both samples were kept in plastic bags and were thor-
oughly mixed every day for thirty days. After the equilibra-
tion time (30 days), the samples were again dried and sieved 
using a 2-mm steel sieve. The DTPA-Cu concentration was 
determined in the Cu-spiked soil sample (15.03 mg  kg−1). 
The WBC and WBCM were added to the Cu-spiked and 
non-spiked soils (5% w/w) and mixed thoroughly. Six soil 
treatments included: (1) the control soil without the Cu and 
the BC (K); (2) the control soil with the Cu and without 
the BC (K + Cu); (3) the soil with the WBC (WBC); (4) 
the soil with the WBC and the Cu (WBC + Cu); (5) the soil 
with the WBCM (WBCM); and (6) the soil with WBCM 
and the Cu (WBCM + Cu). The TC was dissolved in the 
deionized water and was sprayed into a portion of soil treat-
ments as described above. The equivalent TC amount was 
400 mg  kg−1 in dry soil. The TC-polluted and unpolluted 
samples were kept in plastic containers and were daily 

Table 1  Chemical properties of walnut shell biochar (WBC) and methanol-activated walnut shell biochar (WBCM)

All values are mean ± SD (n = 3)

C H N O Yield Ash pH (1:10) EC (dS  m−1)
(%)

WBC 84.8 ± 1.11 1.9 ± 0.16 0.7 ± 0.17 3.6 ± 0.16 31 ± 0.81 9.2 ± 0.21 8.9 ± 0.08 4.5 ± 0.17
WBCM 86.3 ± 0.47 1.9 ± 0.09 0.5 ± 0.15 3.9 ± 0.45 31 ± 0.81 7.4 ± 0.03 8.9 ± 0.18 4.5 ± 0.07
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hydrated with deionized water to be maintained at 70% of 
the water-hold capacity in darkness and at 25 °C tempera-
ture. After the incubation times (10/30/50 days), the samples 
were collected and divided into three portions. Two por-
tions of samples were kept at 4 °C and − 20 °C for biologi-
cal assessment and the determination of TC concentration, 
respectively. In addition, a portion of samples was dried to 
investigate DTPA-Cu concentration.

Laboratory analyses

Extraction of residual tetracycline

The TC was extracted by the modified QuEChERS method 
(Guo et al. 2016). The soil samples were extracted using 

the EDTA-McIlvaine buffer and were cleaned up by the 
d-SPE method. After evaporating by the nitrogen flow, 
0.2 mL of the acetonitrile and 0.8 mL of the 0.1% formic 
acid were added to the samples and they were filtered by 
the 0.22 μm filters.

The samples were injected into the HPLC (Agilent 
1260, Infinity II) which was equipped with the C18-phe-
nomenex column (100 mm × 4.6 mm, 3 μm). The tem-
perature was maintained at 31 °C, and the detection wave-
length appeared at 254 nm. The mobile phase consisted 
of the formic acid (0.1%) and the acetonitrile (60:40, 
v/v). For the determination of TC recovery, the TC with 
100 mg  kg−1 concentration was spiked to the unpolluted 
soil. The TC recovery was 91% (Fig. 1).

Fig. 1  High-performance liquid chromatography (HPLC) chromatograms of tetracycline a 100 mg  L−1 (p.p.m) standard tetracycline b 100 p.p.m 
standard tetracycline spiked into the soil
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Microbial and enzymatic activities

The microbial biomass was determined by the chloroform 
fumigation method (Jenkinson and Ladd 1981). After the 
titration with the  BaCl2, the difference between the  CO2 pro-
duced in the fumigated and unfumigated soil was calculated. 
The microbial biomass was reported as (µg C  kg−1 dry soil 
24  h−1). The urease activity was measured by Tabatabai and 
Bremner’s method (Tabatabai and Bremner 1972). To be 
concise, 5 g of the moist soil was mixed with the Toluene, 
the Tris Buffer (pH = 7) and the urea solution. After 2 h of 
incubation at 37 °C, the KCl-Ag2SO4 solution and the pure 
water were added to the samples. The released  NH4+-N 
was measured by the steam distillation apparatus and was 
reported as (µg  NH4

+-N  g−1.  d−1). To determine the dehy-
drogenase activity according to the colorimetric method 
(Thalmann 1968), 5 g of soil was mixed with 2,3,5-triph-
enyltetrazolium chloride (0.6% was the optimal concentra-
tion based on the soil texture). After 16 h of incubation at 
25 °C, the acetone was added and the samples were shaken. 
The amount of the TPF was measured at a wavelength of 
546 nm and was reported as (µg TPF  g−1  d−1).

Statistical analysis

Tetracycline concentration was statistically processed by 
the one-way analysis of variance (ANOVA) as a completely 
randomized design (CRD) in three replications. The factor 
included two biochar levels without or with copper (0% bio-
char (control), 0% biochar with copper, soil amended with 
5% walnut shell biochar, 5% walnut shell biochar, 5% wal-
nut shell biochar with copper, 5% methanol-activated walnut 
shell biochar, 5% methanol-activated walnut shell biochar 
with copper), which were measured at 10-, 30- and 50-day 
intervals. All other parameters were statistically processed 

by the two-way ANOVA on the basis of CRD with a factorial 
experiment in three replications. The factors included two 
biochar levels without or with copper (0% biochar (control), 
0% biochar with copper, soil amended with 5% walnut shell 
biochar, 5% walnut shell biochar, 5% walnut shell biochar 
with copper, 5% methanol-activated walnut shell biochar, 
5% methanol-activated walnut shell biochar with copper) 
and two tetracycline levels (0 and 400 mg/kg soil), which 
were measured at 10-, 30- and 50-day intervals. One-way 
and two-way ANOVAs were performed using the SAS soft-
ware. All parameters were verified for normality using the 
Anderson–Darling test. Bartlett's test for the homogeneity 
of variances was used to test the equality of variances in all 
samples. The means were compared using the Tukey's mul-
tiple comparison test for different groups. The correlations 
between the TC concentration and the other parameters were 
analyzed by the Pearson correlation coefficient.

Results and discussion

Characterization of walnut shell biochar 
after activation

High pH and high carbon content of WBC (Table 1) could 
be related to high pyrolysis temperature. Similar to these 
results, Ahmed et al. (2012) reported that high pyrolysis 
temperature can increase the pH of BC because the alkaline 
elements release from the raw material. They also showed 
that high temperature can increase carbonization which 
results in high carbon content in BC. Methanol activation 
had no effect on the pH of WBC which may be the result of 
the neutral pH of methanol. However, in the study of Luo 
et al. (2018) alkaline KOH solution increased the pH of BC. 
The activation process was also associated with changes in 
elemental composition and an increase in carbon content. 
Similar results have been observed in previous studies (Jing 
et al. 2014; Wang et al. 2020). Figure 2 presents the infrared 
spectral regions of the WBC (a) and WBCM (b). As illus-
trated in Fig. 1a, the functional groups of the WBC included 
the stretching vibration of the OH (lignin and cellulose) at 
3436  cm−1, the aliphatic C–H (lignin, cellulose and hemicel-
lulose) at 2908  cm−1, the aromatic C=O at 1703  cm−1, the 
aromatic C=C stretching at 1566 and 1423  cm−1, stretching 
vibration of C–O in phenol at 1166, 1119 and 1061  cm−1 and 
aromatic C–H at 871 and 669  cm−1. These findings indicate 
that the high temperature of pyrolysis with the decomposi-
tion of cellulose and lignin can lead to a decrease in polar 
functional groups and an increase in aromatic structures 
(Uchimiya et al. 2011; Ahmad 2012). The importance of 
BC aromatic structures has been proved in the reduction 
of organic pollutants concentration in the solution medium 
(Ahmad et al. 2014). After the activation, some changes 

Table 2  Physiochemical properties of the study soil

All values are mean ± SD (n = 3)

Parameters Soil sample Unit

Total nitrogen (TN) 505.1 ± 0.2 mg  kg−1 dw
Available potassium (AK) 79.6 ± 0.4 mg  kg−1 dw
Available phosphorus (AP) 5.1 ± 0.1 mg  kg−1 dw
Copper concentration (Cu-EDTA) 0.6 ± 0.3 mg  kg−1 dw
Electrical conductivity (EC) 1.6 ± 0.7 dS  m−1

Cation-exchange capacity (CEC) 6.8 ± 0.4 cmol  kg−1

pH 7.8 ± 0.3 –
Organic matter (OM) 0.3 ± 0.2 %
Clay 22 ± 0.2 %
Silt 34 ± 0.1 %
Sand 44 ± 0.4 %
Soil texture Loam –
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emerged in the WBC functional groups (Fig. 2b). The inten-
sity of the 3436  cm−1 peak decreased and two peaks at 1166 
and 1061  cm−1 were omitted. Also the peak of 1246  cm−1 
appeared in the figure. The changes of functional groups 
on the surface of WBC show that the concentration of car-
bonyl groups decreased after activation process. It seems 
that the hydroxyl groups were also replaced by -O- alkyl 
which increased ester groups. These changes indicate that a 
reaction between the WBC functional groups and methanol 
occurred during the activation process. Jing et al. (2014) 
also reported similar results in BC after methanol activation. 
They showed that the changes in the BC functional groups 
increased the BC efficiency in decreasing the concentration 
of TC in the solution medium. Therefore, it is possible that 
amended soil with WBC and WBCM could affect the envi-
ronmental behavior of TC as an organic pollutant.

Effect of walnut shell biochar, methanol‑activated 
walnut shell biochar and copper on residual 
tetracycline concentration in soil

Analysis of variance (ANOVA) of the effect of different 
treatments on the concentration of tetracycline is given in 
Table S1 (Supplementary data). The effects of different 

treatments on the residual concentration of TC during the 
incubation time are illustrated in Fig. 3. In unamended soil 
with BC (K = control), the residual concentration of TC 
decreases, respectively, by 17.9%, 32.5% and 45.2% as com-
pared to the initial concentration (400 mg/kg TC) at 10, 30 
and 50 days. In the soil environment, the residual concen-
tration of TC can decrease because of the impact of a wide 
range of processes such as biodegradation, transformation, 
sorption and other processes. Hence, it has not been possible 
to identify the accurate contribution of each process to the 
reduction of TC residual concentration (Chen et al. 2018a, 
b). Studies have provided (Rabølle and Spliid 2000; Pan and 
Chu 2016) information on the positive correlation between 
the clay content of soil and the decrease of TC residual con-
centration as a result of the sorption mechanism. However, 
soil pH affects the speciation of ionizable tetracycline. At 
alkaline pH (above 7), TC has more negative charges. The 
electrostatic repulsion between TC and clay surfaces would 
elevate TC concentration in the solution phase (Wang et al. 
2008). Therefore, the accessibility of soil microorganisms 
to TC has increased (Yue et al 2019) and they can use TC as 
a substrate. In this study, soil pH was alkaline (Table 2), so 
in the initial stages the role of sorption were not significant 
in the decrease in TC residual concentration. Alternatively, 

Fig. 2  FTIR spectra of the wal-
nut shell biochar before (a) and 
after b activation with methanol
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the increased bioavailability of TC as affected by soil pH can 
facilitate the reduction of TC residual concentration through 
biodegradation during the 50-day incubation.

Application of BC significantly (P < 0.05) reduced the 
residual concentration of TC in comparison with unamended 
soil (Fig. 3). The residual concentrations of TC in WBC-
treated soil decreased, respectively, by 20.5%, 30.4% and 
40.5% after 10, 30 and 50 days as compared to unamended 
soil. Previous studies have shown the positive effects of BC 
on the TC residual concentration reduction through sorption 
(Liu et al. 2020) and the changes of soil properties (Yue 
et al 2019). Both direct and indirect effects of biochar have 
a significant role in the reduction of TC residual concentra-
tion and soil health improvement as well (Li et al. 2019). It 
is well known that these effects of BC as an organic matter 
mostly depend on BC properties. Li et al. )2016( stated that 
the enhancement of organic matter content in soil affects the 
extractable TC fractions (soluble and desorbable fractions) 
through the formation of stable complexes. As a result, both 
the extractability of TC and the amount of residual concen-
tration of TC are reduced. Although the exact mechanism 
of reaction between BC and TC in the soil is not clear, it 
seems that because of having aromatic structures (Fig. 2a) its 
application as an organic material can form stable complexes 
with TC which leads to the reduction of residual concentra-
tion of TC in the early stages by reduction of the extractable 
fractions of TC. Also, it has been reported that the porous 
structure of the BC has affected the decrease of TC residual 
concentration through the diffusion process over time (Ngi-
gia et al. 2020.

In WBCM-treated soils, the residual concentration of TC 
was significantly decreased by 42.6%, 46.5% and 64.3%, 
respectively, as compared to unamended soil after 10, 30 
and 50 days (Fig. 3, P < 0.05). Also, in WBCM-treated soils, 
the residual concentration of TC was significantly decreased 
by 27.9%, 19.5% and 33.3%, respectively, as compared to 
WBC-treated soil after 10, 30 and 50 days (Fig. 3, P < 0.05). 
Previous studies have provided valuable information on the 
effects of BC activation in order to enhance its efficiency 
in the reduction of TC concentration in the solution (Wang 
et al. 2020). Jing et al. (2014) showed that methanol-acti-
vated BC through the process of sorption could efficiently 
decrease TC concentration up to 100% in the solution 
medium. In the terrestrial environments, the complexity of 
the system affects the BC influence on the reduction of TC 
concentration (Yue et al 2019). Therefore, it seems that the 
effects of BC in decreasing TC residual concentration in 
WBCM-treated soils could be related to the formation of 
stable complexes, the reduction of TC extractability in the 
early stages as well as biodegradation through time. In gen-
eral, the results of this research indicated that both WBC 
and WBCM application in soil accelerate the decrease in TC 
residual concentration because of the decrease in extractable 
fractions in the early stages.

Regardless of the application and the type of the BC, the 
presence of Cu in the soil led to a decrease in the residual 
concentration of TC)Fig. 3). In WBC + Cu treatments, the 
presence of Cu decreased the residual concentration of TC 
by 6.9%, 8/6% and 24.7%, respectively, in comparison with 
WBC treatments after 10, 30 and 50 days (P < 0.05). Also, 
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Fig. 3  Residual tetracycline concentration in amended soils with/
without the presence of copper. Treatments were: K (control), K + Cu 
(control with Cu), WBC (biochar), WBC + Cu (biochar with Cu), 
WBCM (methanol-activated biochar), WBCM + Cu (methanol-
activated biochar with Cu), which were measured after 10 (T10), 

30 (T30) and 50 (T50) days. The error bars present standard error 
(mean ± SD, n = 3). Different letters represent significant differences 
between the treatments at each time (P < 0.05). Tetracycline concen-
tration was statistically processed by the one-way analysis of variance 
as a completely randomized design
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in WBCM + Cu, the residual concentration of TC was sig-
nificantly decreased by 12.9%, 17.8% and 21.5% as com-
pared to WBCM after 10, 30 and 50 days (Fig. 3, P < 0.05). 
Although the mechanism of interaction between TC and 
metals is not clearly identified in the soil environment, stud-
ies in aquatic systems have helped us to better understand 
the simultaneous environmental behavior of these pollutants 
in soil systems. The effects of TC and Cu on their mutual 
chemical behavior could probably be influenced by the soil 
solution pH. At alkaline pH, the hydroxyl group of TC have 
the negative charge (Wang et al. 2008). In this condition, 
TC can easily form complexes with cationic ions such as 
copper, magnesium, cadmium and lead in the soil system. 
Among these metals, Cu could form strong complexes with 
TC (Sassman and Lee 2005; Zhao et al. 2013). Similar to the 
BC effects, the stability of TC–Cu complexes could prob-
ably affect TC extractability and could reduce the residual 
concentration of TC in the initial stages. Cu can also facili-
tate the decrease of TC residual concentration through the 
"cation bridge" mechanism (Jia et al. 2013). In addition, 
studies have reported (Yue et al, 2019) that the formation of 
TC complexes with metals can lead to the presence of TC 
in the soil solution phase. In this case, the accessibility of 
microorganisms to TC increases over time and contributes 
to biodegradation. However, the accessibility of microor-
ganisms to TC in TC–Cu complexes is lower than free TC. 
Therefore, the contribution of biodegradation to the reduc-
tion of TC concentration decreased. It seems that the pres-
ence of copper has a positive effect on reducing the residual 
concentration of TC because of reduction the extraction 
capacity of TC and biodegradation.

Effect of tetracycline on copper concentration in soil

Analysis of variance (ANOVA) of the effect of differ-
ent treatments on the concentration of copper is given in 
Table S2 (Supplementary data). In the present study, due 
to the importance of the interaction between copper and 
TC in the medium, changes in Cu-DTPA concentration 
in the presence of TC were also investigated (Fig. 4). The 
results showed that the presence of TC in both amended 
and unamended soils increased Cu-DTPA concentration. In 
unamended soils with pollution (TC400), as compared with 
unpolluted soils (TC0), the maximum increase in Cu-DTPA 
concentration was 72.8% (Fig. 4, P < 0.05) after 30 days. The 
increase in Cu-DTPA concentration may be related to the 
alkaline pH of the soil. Previous studies (Wang et al. 2008) 
have shown that the TC–Cu complex at alkaline pH is mostly 
neutral, which has less ability than  Cu2+ to form stable 
complexes with exchange surfaces in soil. In amended soils 
with pollution (TC400), as compared with unamended soils 
without pollution (K + Cu, TC0), maximum increase in Cu-
DTPA concentration (110.3%) was found in WBCM treat-
ment after 50 days (Fig. 4, P < 0.05). In these treatments, the 
concentration of Cu-DTPA has probably increased because 
of the presence of TC and biochar properties. Uchimiya 
et al. (2011) showed that BC produced at a high pyrolysis 
temperature has no effect on the reduction of heavy metals 
concentration, especially Cu, because of development of 
aromatic structures and the reduction of oxygen-containing 
functional groups. However, decreasing trend of Cu-DTPA 
concentration due to the usage of BC may be attributed 
to the application of organic matter which enhances soil 
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negative charge. In addition, TC and Cu-DTPA concentra-
tion (Table 3) showed a weak positive correlation (P < 0.005, 
r = 0.247). Therefore, although the presence of TC in the soil 
increased the Cu-DTPA concentration, the positive effect of 
Cu on reducing the TC concentration was more significant 
in this study. In general, this study showed that the chemi-
cal interaction between Cu and TC in the soil environment 
affects the chemical behaviors of each. Hence, it is unavoid-
able to consider the contribution of their interactions in soil 
management and improving soil health conditions.

Effect of walnut shell biochar 
and methanol‑activated walnut shell biochar 
on biological effects of tetracycline in soil

Analysis of variance (ANOVA) of the effect of different 
treatments on microbial biomass, dehydrogenase and ure-
ase activities is given in Tables S2 and S3 (Supplementary 

data). In this study, the changes of biological effects of TC 
as affected by WBC and WBCM were investigated on micro-
bial biomass, dehydrogenase and urease activities. The lev-
els of Cu have no significant differences on soil biological 
parameters (P > 0.05, the data were not shown). The effect of 
different treatments on microbial biomass is shown in Fig. 5. 
In accordance with previous studies (Thiele-Bruhn and 
Beck 2005), TC-polluted soil caused a significant decrease 
(P < 0.05) in microbial biomass after 10 and 30 days. WBC 
and WBCM application reduced the negative effects of TC 
on soil microbial biomass. In WBC and WBCM treatments, 
TC decreased microbial biomass by 14.7% and 16.5%, 
respectively (P < 0.05) at 10 days. Comparison between 
amended and unamended treatments (Fig. 5) showed that 
WBC and WBCM had no significant effect on microbial bio-
mass in unpolluted during the incubation time. The available 
nutrients in WBC and WBCM probably decreased as a result 
of the high temperature of pyrolysis (Luo et al. 2013; Zhang 

Table 3  Pearson correlation 
coefficients between tetracycline 
concentration and other 
parameters

** Highly significant (P < 0.001), *significant (P < 0.005), ns: no significant (P > 0.005)

Tetracycline 
concentration

Cu-DTPA
concentration

Microbial
biomass

Urease
activity

Dehydrogenase
activity

Tetracycline concentration 1.000
Cu-DTPA
Concentration

0.248* 1.000

Microbial
Biomass

− 0.769** − 0.297* 1.000

Urease
Activity

− 0.863** − 0.253* 0.682** 1.000

Dehydrogenase
Activity

− 0.297* − 0.029 ns 0.354** 0.322** 1.000

Fig. 5  Rates of microbial 
biomass in soil samples. Treat-
ments were: K + Cu (control 
with Cu), WBC + Cu (biochar 
with Cu), WBCM + Cu (metha-
nol-activated biochar with Cu), 
TC0 (unpolluted soil), TC400 
(polluted soil with tetracycline), 
which were measured after 10 
(T10), 30 (T30) and 50 (T50) 
days). The error bars present 
standard error (mean ± SD, 
n = 3). Different letters represent 
significant differences between 
the treatments at each time 
(P < 0.05). Microbial biomass 
was statistically processed 
by the two-way analysis of 
variance as a completely ran-
domized design with factorial 
experiment
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et al 2014), so they had no effect on microbial biomass dur-
ing the experiment.

However, correlation analysis between TC concentration 
and microbial biomass (Table 3) showed a high negative 
correlation (P < 0.001, r = − 0.769) between decrease of TC 
residual concentration and improvement of microbial bio-
mass. Studies have shown that (Hammesfahr et al. 2011; 
Liu et al. 2012) the decrease of TC extractable fractions 
could potentially affect the bioavailability of antibiotics to 
microorganisms. Therefore, it seems that WBC and WBCM 
have reduced the accessibility of microorganisms to TC in 
the early stages through complex formation with TC. As a 
result, TC was less used as a substrate by microorganisms 

and its effects on soil microbial biomass were reduced. In 
addition, even if the biochar produced at a high temperature 
cannot provide nutrients for the growth of microorganisms, 
studies have shown that BC can provide a niche for antibi-
otic-tolerant bacterial strains (Wang et al. 2017). This can 
contribute to the biodegradation of TC and improvement of 
soil microbial activities over time. However, the selective 
effects of TC can not be well indicated in microbial biomass 
(Thiele-Bruhn and Beck 2005). Therefore, this indicator is 
not the only one to determine soil health.

Changes of urease and dehydrogenase activity during 
the incubation are shown in Fig. 6. Urease and dehydro-
genase enzymes responded differently to TC soil pollution 

Fig. 6  The amount of a urease 
and b dehydrogenase activi-
ties. Treatments were: K + Cu 
(control with Cu), WBC + Cu 
(biochar with Cu), WBCM + Cu 
(methanol-activated biochar 
with Cu), TC0 (unpolluted soil), 
TC400 (polluted soil with tetra-
cycline), which were measured 
after 10 (T10), 30 (T30) and 50 
(T50) days). The error bars pre-
sent standard error (mean ± SD, 
n = 3). Different letters rep-
resent significant differences 
between the treatments at each 
time (P < 0.05). Urease and 
dehydrogenase activities were 
statistically processed by the 
two-way analysis of variance as 
a completely randomized design 
with factorial experiment
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and the application of WBC and WBCM. The lowest urease 
enzyme activity (228.2 µg  NH4

+-N  g−1.  d−1) was measured 
in unamended TC-polluted soil after 10 days. In unamended 
soil, the inhibitory effects of TC on urease activity were 
still significant after 50-day incubation (Fig. 6a, P > 0.05). 
The application of WBC and WBCM in unpolluted soil 
decreased urease activity. However, their application in TC-
polluted soil weakened the negative effects of TC on urease 
activity. In amended soils, the maximum decrease in urease 
activity (19.6%) was found in WBCM treatments without 
pollution (TC0) after 10 days (Fig. 6a, P > 0.05). During the 
incubation time, WBC reduced the negative effects of TC, 
and WBCM caused these negative effects on urease activ-
ity to be significant (Fig. 6a, P > 0.05) at 10 days. Also, the 
correlation analysis between TC concentration and urease 
activity (Table 3) showed the highest negative correlation 
between these two parameters (P < 0.001, r = -0.862). The 
negative effects of tetracycline on urease activity have been 
shown in previous studies (Liu et al. 2015; Molaei et al. 
2017; Liang et al. 2020). TC can reduce urease activity 
even at low concentrations (Wei et al. 2009). Molaei et al. 
(2017) also stated that the toxicity of TCs on urease activity 
is higher than other groups of antibiotics. Therefore, even lit-
tle changes of TC concentration can affect the activity of the 
urease. Although the application of BC may reduce urease 
activity due to the sorption and stabilization of extracellular 
enzymes (Huang et al. 2017), studies have reported that BC 
can act as a barrier to prevent the negative effect of pollut-
ants on enzyme activities through the stabilization of organic 
pollutants as well as enzymes.

In contrast, dehydrogenase activity showed different 
responses to TC and soil amendment application (Fig. 6b). 
In unamended treatments, dehydrogenase activity was sig-
nificantly reduced in TC-polluted soil by 31.5% and 15.7% 
after 10 and 30 days, respectively. Studies have reported 
different results regarding the effect of TC on dehydrogenase 
activity. Thiele-Bruhn and Beck (2005) observed that TC did 
not decrease dehydrogenase activity, while Liu et al. (2015) 
reported negative effects of TC on the decrease of dehydro-
genase activity even at high concentrations. Liu et al. (2009) 
stated that different responses of dehydrogenase activity to 
TC could be related to different determinative factors affec-
ing dehydrogenase activity. Therefore, changes in dehydro-
genase activity during the experiment may have not been 
affected only by TC. The application of WBC and WBCM 
in unpolluted soil significantly decreased dehydrogenase 
activity (Fig. 6b, P < 0.05). In amended soils, the maximum 
decrease in dehydrogenase activity (47.4%) was found in 
WBCM treatments without pollution (TC0) after 10 days. 
Similar to the study of Liang et al. (2020), WBC and WBCM 
probably reduced dehydrogenase activity due to high level of 
application (5%w/w). The high content of BC can have high 
concentration of organic compounds such as phenols which 

are toxic to microorganisms and enzymes. Also, microorgan-
isms and enzymes can be absorbed by the micropores and 
mesopores of BC. In this case, BC can inhibit microbial 
growth and enzymatic activities (Liang et al. 2020). How-
ever, the presence of the WBC and WBCM in TC-polluted 
soil over time could help to reduce the negative effects of 
TC on dehydrogenase activity. Also, correlation analysis 
(Table 3) showed a weak negative correlation (P < 0.005, 
r = − 0.297) between the decrease in concentration of TC 
and improvement in dehydrogenase activity. Therefore, 
although the exact effect of TC and the application of WBC 
and WBCM on dehydrogenase activity is not clear, it seems 
that soil remediation with WBC and WBCM has a positive 
effect on dehydrogenase activity improvement in the long 
term. In general, the study of biological indicators during 
the incubation time showed that amended TC-polluted soil 
with WBC and WBCM could possibly affect the bioavail-
ability of TC through the formation of stable complexes with 
TC which can help to ameliorate soil biological activities 
(microbial biomass, urease and dehydrogenase activities). 
Improvement in biological indicators is a sign of soil health 
improvement. Therefore, it seems that amendment of TC-
polluted soils with WBC and WBCM can be an effective 
measure to improve soil health. However, further studies 
are required to accurately determine the effects of the BC 
on the chemical and biological behavior of TC as well as its 
fate on soil.

Conclusion

The results of the present study showed that the applica-
tion of WBC and WBCM as an amendment significantly 
improved the reduction of TC residual concentration in the 
soil environment. The development of aromatic structure 
on WBC and changes of functional groups on WBCM have 
led to the formation of stable complexes with TC. These 
complexes affect the extractable fractions of TC and reduce 
the residual concentration of TC in the soil at early stages. 
Similar to aquatic systems, the presence of Cu in soil had the 
same effects on the chemical behavior of TC. There is still 
little information on the effective mechanisms of interactions 
between metal and TC in the soil. Similar to the effect of 
BC, it seems that Cu has a positive effect on the reduction 
of TC extractability through the formation of stable com-
plexes. The study of Cu-DTPA concentration showed that 
the application of BC and the presence of TC have a nega-
tive effect on reducing the concentration of Cu-DTPA in the 
soil environment. The development of aromatic structures 
has had a negative effect on the efficiency of BC to form the 
complexes with Cu. TC has also reduced the capacity of 
Cu to form complexes with exchange sites by the formation 
of a stable complex with Cu. The application of WBC and 
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WBCM in TC-polluted soil weakened the negative effects 
of TC on biological indicators, especially microbial biomass 
and urease activity. In addition, the application of BC can 
contribute to the biodegradation of tetracycline over time 
through the increasing niche for tolerant bacterial strains. 
The results of this study showed that the application of BC 
in TC-polluted soil can help to improve soil health.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s13762- 022- 04320-7.

Acknowledgements This research has been fully supported by Fer-
dowsi University of Mashhad. Grant number: 3/48281

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

Informed consent Informed consent was obtained from all individual 
participants included in the study.

References

Ahmad M, Lee SS, Dou X, Mohan D, Sung JK, Yang JE, Ok YS (2012) 
Effects of pyrolysis temperature on soybean stover-and peanut 
shell-derived biochar properties and TCE adsorption in water. 
Bioresour Technol 118:536–544. https:// doi. org/ 10. 1016/j. biort 
ech. 2012. 05. 042

Ahmad M, Rajapaksha AU, Lim JE, Zhang M, Bolan N, Mohan D, 
Vithanage M, Lee SS, Ok YS (2014) Biochar as a sorbent for con-
taminant management in soil and water: a review. Chemosphere 
99:19–33. https:// doi. org/ 10. 1016/j. chemo sphere. 2013. 10. 071

Anderson T-H (2003) Microbial eco-physiological indicators to asses 
soil quality. Agric Ecosyst Environ 98:285–293. https:// doi. org/ 
10. 1016/ S0167- 8809(03) 00088-4

Aponte H, Herrera W, Cameron C, Black H, Meier S, Paolini J, Tapia 
Y, Cornejo P (2020) Alteration of enzyme activities and func-
tional diversity of a soil contaminated with copper and arsenic. 
Ecotoxicol Environ Saf 192:110264. https:// doi. org/ 10. 1016/j. 
ecoenv. 2020. 110264

Beheshti M, Etesami H, Alikhani HA (2018) Effect of different bio-
chars amendment on soil biological indicators in a calcareous soil. 
Environ Sci Pollut Res 25(15):14752–14761. https:// doi. org/ 10. 
1007/ s11356- 018- 1682-2

Bera T, Collins HP, Alva AK, Purakayastha TJ, Patra AK (2016) Bio-
char and manure effluent effects on soil biochemical properties 
under corn production. J Appl Soil Ecol 107:360–367. https:// doi. 
org/ 10. 1016/j. apsoil. 2016. 07. 011

Bloem J, Breure AM (2003) Microbial indicators. In: Markert BA, 
Breure AM, Zechmeister HG (eds) Bioindicators and biomonitors. 
Elsevier, Amsterdam, pp 259–282

Bremner JM, Mulvaney CS (1982) Nitrogen-total. In: Page AL, Miller 
RH, Kenny DR (eds) Method of soil analysis Part-2. American 
Society of Agronomy, Madison, pp 595–624

Chapman H (1965) Cation-exchange capacity. In: Norman AG (ed) 
Method of soil analysis Part-2. American Society of Agronomy, 
Madison, pp 891–901

Chen C, Ray P, Knowlton KF, Pruden A, Xia K (2018a) Effect of 
composting and soil type on dissipation of veterinary antibiotics 

in land-applied manures. Chemosphere 196:270–279. https:// 
doi. org/ 10. 1016/j. chemo sphere. 2017. 12. 161

Chen T, Luo L, Deng S, Shi G, Zhang S, Zhang Y, Deng O, Wang 
L, Zhang J, Wei L (2018b) Sorption of tetracycline on H3PO4 
modified biochar derived from rice straw and swine manure. 
Bioresour Technol 267:431–437. https:// doi. org/ 10. 1016/j. biort 
ech. 2018. 07. 074

Chessa L, Pusino A, Garau G, Mangia NP, Pinna MV (2015) Soil 
microbial response to tetracycline in two different soils amended 
with cow manure. Environ Sci Pollut Res 23(6):5807–5817. 
https:// doi. org/ 10. 1007/ s11356- 015- 5789-4

Choudhary TK, Khan KS, Hussain Q, Ashfaq M (2021) Nutrient 
availability to maize crop (Zea mays L.) in biochar amended 
alkaline subtropical soil. J Soil Sci Plant Nutr 21(2):1293–1306. 
https:// doi. org/ 10. 1007/ s42729- 021- 00440-0

Daghrir R, Drogui P (2013) Tetracycline antibiotics in the environ-
ment: a review. Environ Chem Lett 11(3):209–227. https:// doi. 
org/ 10. 1007/ s10311- 013- 0404-8

Duan M, Li H, Gu J, Tuo X, Sun W, Qian X, Wang X (2017) Effects 
of biochar on reducing the abundance of oxytetracycline, antibi-
otic resistance genes, and human pathogenic bacteria in soil and 
lettuce. Environ Pollut 224:787–795. https:// doi. org/ 10. 1016/j. 
envpol. 2017. 01. 021

Gee GW, Bauder JW (1986) Particle-size analysis. In: Klute A (ed) 
Methods of soil analysis, vol 1. Part. Physical and Mineralogical 
Methods, Madison, pp 383–411

Gu C, Karthikeyan K (2005) Interaction of tetracycline with 
aluminum and iron hydrous oxides. Environ Sci Technol 
39:2660–2667

Guo C, Wang M, Xiao H, Huai B, Wang F, Pana G, Liaoa X, Liu Y 
(2016) Development of a modified QuEChERS method for the 
determination of veterinary antibiotics in swine manure by liq-
uid chromatography tandem mass spectrometry. J Chromatogr B 
1027:110–118. https:// doi. org/ 10. 1016/j. jchro mb. 2016. 05. 034

Hailegnaw NS, Mercl F, Pračke K, Száková J, Tlustoš P (2019) Mutual 
relationships of biochar and soil pH, CEC, and exchangeable 
base cations in a model laboratory experiment. J Soils Sedim 
19(5):2405–2416. https:// doi. org/ 10. 1007/ s11368- 019- 02264-z

Hammesfahr U, Bierl R, Thiele-Bruhn S (2011) Combined effects of 
the antibiotic sulfadiazine and liquid manure on the soil micro-
bial-community structure and functions. J Plant Nutr Soil Sci 
174(4):614–623. https:// doi. org/ 10. 1002/ jpln. 20100 0322

Huang Y, Li T, Wu C, He Z, Japengaa J, Denga M, Yang X (2015) An 
integrated approach to assess heavy metal source apportionment 
in peri-urban agricultural soils. J Hazard Mater 299:540–549. 
https:// doi. org/ 10. 1016/j. jhazm at. 2015. 07. 041

Huang D, Liu L, Zeng G, Xu P, Huang C, Deng L, Wang R, Wan J 
(2017) The effects of rice straw biochar on indigenous microbial 
community and enzymes activity in heavy metal-contaminated 
sediment. Chemosphere 174:545–553. https:// doi. org/ 10. 1016/j. 
chemo sphere. 2017. 01. 130

Jang HM, Yoo S, Choi YK, Park S, Kan E (2018) Adsorption isotherm, 
kinetic modeling and mechanism of tetracycline on Pinus taeda-
derived activated biochar. Bioresour Technol 259:24–31. https:// 
doi. org/ 10. 1016/j. biort ech. 2018. 03. 013

Jenkinson DS, Ladd JN (1981) Microbial biomass in soil: measure-
ment and turnover. In: Paul EA, Ladd JN (eds) Soil Biochemistry. 
Marcel Dekker, New York, pp 415–471

Jia M, Wang F, Bian Y, Jin X, Song Y, Kengara FO, Xu R, Jiang X 
(2013) Effects of pH and metal ions on oxytetracycline sorption 
to maize-straw-derived biochar. Bioresour Technol 136:87–93. 
https:// doi. org/ 10. 1016/j. biort ech. 2013. 02. 098

Jing XR, Wang YY, Liu WJ, Wang YK, Jian H (2014) Enhanced 
adsorption performance of tetracycline in aqueous solutions by 
methanol-modified biochar. Chem Eng J 248:168–174. https:// 
doi. org/ 10. 1016/j. cej. 2014. 03. 006

https://doi.org/10.1007/s13762-022-04320-7
https://doi.org/10.1016/j.biortech.2012.05.042
https://doi.org/10.1016/j.biortech.2012.05.042
https://doi.org/10.1016/j.chemosphere.2013.10.071
https://doi.org/10.1016/S0167-8809(03)00088-4
https://doi.org/10.1016/S0167-8809(03)00088-4
https://doi.org/10.1016/j.ecoenv.2020.110264
https://doi.org/10.1016/j.ecoenv.2020.110264
https://doi.org/10.1007/s11356-018-1682-2
https://doi.org/10.1007/s11356-018-1682-2
https://doi.org/10.1016/j.apsoil.2016.07.011
https://doi.org/10.1016/j.apsoil.2016.07.011
https://doi.org/10.1016/j.chemosphere.2017.12.161
https://doi.org/10.1016/j.chemosphere.2017.12.161
https://doi.org/10.1016/j.biortech.2018.07.074
https://doi.org/10.1016/j.biortech.2018.07.074
https://doi.org/10.1007/s11356-015-5789-4
https://doi.org/10.1007/s42729-021-00440-0
https://doi.org/10.1007/s10311-013-0404-8
https://doi.org/10.1007/s10311-013-0404-8
https://doi.org/10.1016/j.envpol.2017.01.021
https://doi.org/10.1016/j.envpol.2017.01.021
https://doi.org/10.1016/j.jchromb.2016.05.034
https://doi.org/10.1007/s11368-019-02264-z
https://doi.org/10.1002/jpln.201000322
https://doi.org/10.1016/j.jhazmat.2015.07.041
https://doi.org/10.1016/j.chemosphere.2017.01.130
https://doi.org/10.1016/j.chemosphere.2017.01.130
https://doi.org/10.1016/j.biortech.2018.03.013
https://doi.org/10.1016/j.biortech.2018.03.013
https://doi.org/10.1016/j.biortech.2013.02.098
https://doi.org/10.1016/j.cej.2014.03.006
https://doi.org/10.1016/j.cej.2014.03.006


International Journal of Environmental Science and Technology 

1 3

Kong X, Feng S, Zhang X, Li Y (2014) Effects of bile salts and divalent 
cations on the adsorption of norfloxacin by agricultural soils. J 
Environ Sci 26:846–854. https:// doi. org/ 10. 1016/ S1001- 0742(13) 
60480-5

Li F, Feng D, Deng H, Yu H, Ge C (2016a) Effects of biochars prepared 
from cassava dregs on sorption behavior of ciprofloxacin. Pro-
cedia Environ Sci 31:795–803. https:// doi. org/ 10. 1016/j. proenv. 
2016. 02. 076

Li Y, Wang H, Liu X, Zhao G, Sun Y (2016b) Dissipation kinetics 
of oxytetracycline, tetracycline, and chlortetracycline residues in 
soil. Environ Sci Polluti Res 23(14):13822–13831. https:// doi. org/ 
10. 1007/ s11356- 016- 6513-8

Li X, Luo J, Deng H, Huang P, Ge C, Yu H, Xu W (2018) Effect of cas-
sava waste biochar on sorption and release behavior of atrazine in 
soil. Sci Total Environ 644:1617–1624. https:// doi. org/ 10. 1016/j. 
scito tenv. 2018. 07. 239

Li X, Song Y, Wang F, Bian Y, Jiang X (2019) Combined effects of 
maize straw biochar and oxalic acid on the dissipation of polycy-
clic aromatic hydrocarbons and microbial community structures 
in soil: a mechanistic study. J Hazard Mater 364:325–331. https:// 
doi. org/ 10. 1016/j. jhazm at. 2018. 10. 041

Liang J, Tang S, Gong J, Zeng G, Tang T, Song B, Zhang P, Yang 
Z, Luo Y (2020) Responses of enzymatic activity and microbial 
communities to biochar/compost amendment in sulfamethoxazole 
polluted wetland soil. J Hazard Mater 385:121533. https:// doi. org/ 
10. 1016/j. jhazm at. 2019. 121533

Lindsay WL, Norvell WA (1978) Development of a DTPA soil test for 
zinc, iron, manganese, and copper. Soil Sci Soc Am J 42(3):421–
428. https:// doi. org/ 10. 2136/ sssaj 1978. 03615 99500 42000 30009x

Liu F, Ying GG, Tao R, Zhao JL, Yang JF, Zhao LF (2009) Effects of 
six selected antibiotics on plant growth and soil microbial and 
enzymatic activities. Environ Pollut 157:1636–1642. https:// doi. 
org/ 10. 1016/j. envpol. 2008. 12. 021

Liu W, Pan N, Chen W, Jiao W, Wang M (2012) Effect of veterinary 
oxytetracycline on functional diversity of soil microbial commu-
nity. Plant Soil Environ 58(7):295–301. https:// doi. org/ 10. 17221/ 
430/ 2011- PSE

Liu B, Li Y, Zhang X, Wang J, Gao M (2015) Effects of chlortetra-
cycline on soil microbial communities: comparisons of enzyme 
activities to the functional diversity via Biolog EcoPlates™. Eur 
J Soil Biol 68:69–76. https:// doi. org/ 10. 1016/j. ejsobi. 2015. 01. 002

Liu HY, Song C, Zhao S, Wang SG (2020) Biochar-induced migra-
tion of tetracycline and the alteration of microbial community in 
agricultural soils. Sci Total Environ 706:136086. https:// doi. org/ 
10. 1016/j. scito tenv. 2019. 136086

Luo Y, Xu L, Rysz M, Wang Y, Zhang H, Alvarez PJJ (2011) Occur-
rence and transport of tetracycline, sulfonamide, quinolone, and 
macrolide antibiotics in the Haihe River Basin. China Environ 
Sci Technol 45(5):1827–1833. https:// doi. org/ 10. 1021/ es104 009s

Luo Y, Durenkamp M, Nobili MD, Lin Q, Devonshire BJ, Brookes 
PC (2013) Microbial biomass growth, following incorporation of 
biochars produced at 350 °C or 700 °C, in a silty-clay loam soil 
of high and low pH. Soil Biol Biochem 57:513–523. https:// doi. 
org/ 10. 1016/j. soilb io. 2012. 10. 033

Luo J, Li X, Ge C, Müller K, Yu H, Huang P, Li J, Tsang DCW, Bolan 
NS, Rinklebe J, Wang H (2018) Sorption of norfloxacin, sulfamer-
azine and oxytetracycline by KOH-modified biochar under single 
and ternary systems. Bioresour Technol 263:385–392. https:// doi. 
org/ 10. 1016/j. biort ech. 2018. 05. 022

Martinez JL (2008) Antibiotics and antibiotic resistance genes in natu-
ral environments. Science 321:365–367. https:// doi. org/ 10. 1126/ 
scien ce. 11594 83

Meier S, Curaqueo G, Khan N, Bolan N, Cea M, Eugenia GM, Cor-
nejo P, Ok YS, Borie F (2017) Chicken-manure-derived biochar 
reduced bioavailability of copper in a contaminated soil. J Soils 
Sedim 17:741–750. https:// doi. org/ 10. 1007/ s11368- 015- 1256-6

Mitchell SM, Subbiah M, Ullman JL, Frear C, Call DR (2015) 
Evaluation of 27 different biochars for potential sequestration 
of antibiotic residues in food animal production environments. 
J Environ Chem Eng 3(1):162–169. https:// doi. org/ 10. 1016/j. 
jece. 2014. 11. 012

Molaei A, Lakzian A, Datta R, Haghnia G, Astaraei A, Rasouli-Sad-
aghiani M, Ceccherini T (2017) Impact of chlortetracycline and 
sulfapyridine antibiotics on soil enzyme activities. Intl Agro-
phys 31(4):499–505. https:// doi. org/ 10. 1515/ intag- 2016- 0084

Moore F, González ME, Khan N, Curaqueo G, Sanchez-Monedero 
M, Rilling J, Morales E, Panichini M, Mutis A, Jorquera M, 
Mejias J, Hirzel J, Meier S (2018) Copper immobilization by 
biochar and microbial community abundance in metal-contam-
inated soils. Sci Total Environ 616–617:960–969. https:// doi. 
org/ 10. 1016/j. scito tenv. 2017. 10. 223

Ngigi AN, Magu MM, Muendo BM (2020a) Occurrence of antibiot-
ics residues in hospital wastewater, wastewater treatment plant, 
and in surface water in Nairobi County. Kenya Environ Monit 
Assess 192(1):1–16. https:// doi. org/ 10. 1007/ s10661- 019- 7952-8

Ngigi AN, Ok YS, Thiele-Bruhn S (2020b) Biochar affects the dis-
sipation of antibiotics and abundance of antibiotic resistance 
genes in pig manure. Bioresour Technol 315:123782. https:// 
doi. org/ 10. 1016/j. biort ech. 2020. 123782

Ogbonnaya U, Semple K (2013) Impact of biochar on organic 
contaminants in soil: A tool for mitigating Risk? Agronomy 
3(2):349–375. https:// doi. org/ 10. 3390/ agron omy30 20349

Oleszczuk P, Jośko I, Futa B, Pasieczna-Patkowska S, Pałys E, 
Kraska P (2014) Effect of pesticides on microorganisms, enzy-
matic activity and plant in biochar-amended soil. Geoderma 
214–215:10–18. https:// doi. org/ 10. 1016/j. geode rma. 2013. 10. 
010

Olsen SR (1954) Estimation of available phosphorus in soils by extrac-
tion with sodium bicarbonate. United States Department Of Agri-
culture, Washington

Pan M, Chu LM (2016) Adsorption and degradation of five selected 
antibiotics in agricultural soil. Sci Total Environ 545–546:48–56. 
https:// doi. org/ 10. 1016/j. scito tenv. 2015. 12. 040

Pan M, Chu LM (2017) Fate of antibiotics in soil and their uptake by 
edible crops. Sci Total Environ 599–600:500–512. https:// doi. org/ 
10. 1016/j. scito tenv. 2017. 04. 214

Pan LB, Ma J, Wang XL, Hou H (2016) Heavy metals in soils from 
a typical county in Shanxi Province, China: levels, sources and 
spatial distribution. Chemosphere 148:248–254. https:// doi. org/ 
10. 1016/j. chemo sphere. 2015. 12. 049

Rabølle M, Spliid NH (2000) Sorption and mobility of metronidazole, 
olaquindox, oxytetracycline and tylosin in soil. Chemosphere 
40(7):715–722. https:// doi. org/ 10. 1016/ S0045- 6535(99) 00442-7

Richards L (1954) Diagnosis and improvement of saline and Alkali 
soils (USDA). Printing Office, Washington

Sassman SA, Lee LS (2005) Sorption of three tetracyclines by several 
soils: assessing the role of pH and cation exchange. Environ Sci 
Technol 39(19):7452–7459. https:// doi. org/ 10. 1021/ es048 0217

Shuman L (1985) Fractionation method for soil microelements. Soil 
Sci 140(1):11–22

Tabatabai M, Bremner J (1972) Assay of urease activity in soils. 
Soil Biol Biochem 4(4):479–487. https:// doi. org/ 10. 1016/ 0038- 
0717(72) 90064-8

Thalmann A (1968) The methodology of determining the dehydro-
genase activity in soil using triphenyltetrazoliumchlorid (TTC). 
Landwirtsch Forsch 21:249–258

Thiele-Bruhn S, Beck IC (2005) Effects of sulfonamide and tetracy-
cline antibiotics on soil microbial activity and microbial biomass. 
Chemospher 59(4):457–465. https:// doi. org/ 10. 1016/j. chemo 
sphere. 2005. 01. 023

Uchimiya M, Wartelle LH, Klasson KT, Fortier CA, Lima IM (2011) 
Influence of pyrolysis temperature on biochar property and 

https://doi.org/10.1016/S1001-0742(13)60480-5
https://doi.org/10.1016/S1001-0742(13)60480-5
https://doi.org/10.1016/j.proenv.2016.02.076
https://doi.org/10.1016/j.proenv.2016.02.076
https://doi.org/10.1007/s11356-016-6513-8
https://doi.org/10.1007/s11356-016-6513-8
https://doi.org/10.1016/j.scitotenv.2018.07.239
https://doi.org/10.1016/j.scitotenv.2018.07.239
https://doi.org/10.1016/j.jhazmat.2018.10.041
https://doi.org/10.1016/j.jhazmat.2018.10.041
https://doi.org/10.1016/j.jhazmat.2019.121533
https://doi.org/10.1016/j.jhazmat.2019.121533
https://doi.org/10.2136/sssaj1978.03615995004200030009x
https://doi.org/10.1016/j.envpol.2008.12.021
https://doi.org/10.1016/j.envpol.2008.12.021
https://doi.org/10.17221/430/2011-PSE
https://doi.org/10.17221/430/2011-PSE
https://doi.org/10.1016/j.ejsobi.2015.01.002
https://doi.org/10.1016/j.scitotenv.2019.136086
https://doi.org/10.1016/j.scitotenv.2019.136086
https://doi.org/10.1021/es104009s
https://doi.org/10.1016/j.soilbio.2012.10.033
https://doi.org/10.1016/j.soilbio.2012.10.033
https://doi.org/10.1016/j.biortech.2018.05.022
https://doi.org/10.1016/j.biortech.2018.05.022
https://doi.org/10.1126/science.1159483
https://doi.org/10.1126/science.1159483
https://doi.org/10.1007/s11368-015-1256-6
https://doi.org/10.1016/j.jece.2014.11.012
https://doi.org/10.1016/j.jece.2014.11.012
https://doi.org/10.1515/intag-2016-0084
https://doi.org/10.1016/j.scitotenv.2017.10.223
https://doi.org/10.1016/j.scitotenv.2017.10.223
https://doi.org/10.1007/s10661-019-7952-8
https://doi.org/10.1016/j.biortech.2020.123782
https://doi.org/10.1016/j.biortech.2020.123782
https://doi.org/10.3390/agronomy3020349
https://doi.org/10.1016/j.geoderma.2013.10.010
https://doi.org/10.1016/j.geoderma.2013.10.010
https://doi.org/10.1016/j.scitotenv.2015.12.040
https://doi.org/10.1016/j.scitotenv.2017.04.214
https://doi.org/10.1016/j.scitotenv.2017.04.214
https://doi.org/10.1016/j.chemosphere.2015.12.049
https://doi.org/10.1016/j.chemosphere.2015.12.049
https://doi.org/10.1016/S0045-6535(99)00442-7
https://doi.org/10.1021/es0480217
https://doi.org/10.1016/0038-0717(72)90064-8
https://doi.org/10.1016/0038-0717(72)90064-8
https://doi.org/10.1016/j.chemosphere.2005.01.023
https://doi.org/10.1016/j.chemosphere.2005.01.023


 International Journal of Environmental Science and Technology

1 3

function as a heavy metal sorbent in soil. J Agric Food Chem 
59(6):2501–2510. https:// doi. org/ 10. 1021/ jf104 206c

Verheijen FGA, Zhuravel A, Silva FC, Amaro A, Ben-Hur KJJ (2019) 
The influence of biochar particle size and concentration on bulk 
density and maximum water holding capacity of sandy vs sandy 
loam soil in a column experiment. Geoderma 347:194–202. 
https:// doi. org/ 10. 1016/j. geode rma. 2019. 03. 044

Walkley A, Black IA (1934) An examination of the Degtjareffmethod 
for determining soil organic matter, and a proposed modification 
ofthe chromic acid titration method. Soil Sci 37:29–38

Wang YJ, Jia DA, Sun RJ, Zhu HW, Zhou DM (2008) Adsorption and 
cosorption of tetracycline and copper (II) on montmorillonite as 
affected by solution pH. Environ Sci Technol 42(9):3254–3259. 
https:// doi. org/ 10. 1021/ es702 641a

Wang J, Foxman B, Mody L, Snitkin ES (2017) Network of microbial 
and antibiotic interactions drive colonization and infection with 
multidrug-resistant organisms. PNAS 114(39):10467–10472. 
https:// doi. org/ 10. 1073/ pnas. 17102 35114

Wang RZ, Huang DL, Liu YG, Zhang C, Lai C, Wang X, Zeng GM, 
Zhang Q, Gong XM, Xu P (2020) Synergistic removal of cop-
per and tetracycline from aqueous solution by steam-activated 

bamboo-derived biochar. J Hazard Mater 384:121470. https:// doi. 
org/ 10. 1016/j. jhazm at. 2019. 121470

Wei X, Wu SC, Nie XP, Yediler A, Wong MH (2009) The effects of 
residual tetracycline on soil enzymatic activities and plant growth. 
J Environ Sci Heal B 44(5):461–471. https:// doi. org/ 10. 1080/ 
03601 23090 29351 39

Yue Y, Shen C, Ge Y (2019) Biochar accelerates the removal of tet-
racyclines and their intermediates by altering soil properties. J 
Hazard Mater 380:120821. https:// doi. org/ 10. 1016/j. jhazm at. 
2019. 120821

Zhang Z, Sun K, Gao B, Zhang G, Liu X, Zhao Y (2011) Adsorption 
of tetracycline on soil and sediment: effects of pH and the pres-
ence of Cu(II). J Hazard Mater 190(1):856–862. https:// doi. org/ 
10. 1016/j. jhazm at. 2011. 04. 017

Zhang H, Voroney RP, Price GW (2014) Effects of biochar amend-
ments on soil microbial biomass and activity. J Environ Qual 
43(6):2104–2114. https:// doi. org/ 10. 2134/ jeq20 14. 03. 0132

Zhao Y, Tan Y, Guo Y, Gu X, Wang X, Zhang Y (2013) Interactions of 
tetracycline with Cd (II), Cu (II) and Pb (II) and their cosorption 
behavior in soils. Environ Pollut 180:206–213. https:// doi. org/ 10. 
1016/j. envpol. 2013. 05. 043

https://doi.org/10.1021/jf104206c
https://doi.org/10.1016/j.geoderma.2019.03.044
https://doi.org/10.1021/es702641a
https://doi.org/10.1073/pnas.1710235114
https://doi.org/10.1016/j.jhazmat.2019.121470
https://doi.org/10.1016/j.jhazmat.2019.121470
https://doi.org/10.1080/03601230902935139
https://doi.org/10.1080/03601230902935139
https://doi.org/10.1016/j.jhazmat.2019.120821
https://doi.org/10.1016/j.jhazmat.2019.120821
https://doi.org/10.1016/j.jhazmat.2011.04.017
https://doi.org/10.1016/j.jhazmat.2011.04.017
https://doi.org/10.2134/jeq2014.03.0132
https://doi.org/10.1016/j.envpol.2013.05.043
https://doi.org/10.1016/j.envpol.2013.05.043

	Effects of methanol-activated biochar on tetracycline concentration and soil microbial activities in the presence of copper
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Preparation of walnut shell biochar and methanol-activated walnut shell biochar
	Sampling and soil analysis
	Experimental design
	Laboratory analyses
	Extraction of residual tetracycline
	Microbial and enzymatic activities

	Statistical analysis

	Results and discussion
	Characterization of walnut shell biochar after activation
	Effect of walnut shell biochar, methanol-activated walnut shell biochar and copper on residual tetracycline concentration in soil
	Effect of tetracycline on copper concentration in soil
	Effect of walnut shell biochar and methanol-activated walnut shell biochar on biological effects of tetracycline in soil

	Conclusion
	Acknowledgements 
	References




